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Environmental Correlates of Food Chain Length

FREDERIC BRIAND AND JOEL E. COHEN
In 113 community food webs from natural communities, the average and maximal lengths of food chains are independent of primary productivity, contrary to the hypothesis that longer food chains should arise when more energy is available at their base. Environmental variability alone also does not appear to constrain average or maximal chain length. Environments that are three dimensional or solid, however, such as a forest canopy or the water column of the open ocean, have distinctly longer food chains than environments that are two dimensional or flat, such as a grassland or lake bottom.
A COMMUNITY FOOD WEB (1) DE- scribes the feeding relations in a community of organisms. A trophic species (2) (hereinafter species) in a web is a collection of organisms that feed on a common set of organisms and are fed on by a common set of organisms. Species x is linked to species y when energy flows from x toy, that is, when y feeds on x. A chain is an energy path or sequence of links that starts at a species that eats no other species in the web and ends at a species that is eaten by no other species in the web. The length of a chain is the number of links it comprises. The mean chain length of a web is the arithmetic average of the lengths of all chains in the web.
Two major hypotheses and one empirical generalization have been proposed to relate chain lengths to environmental conditions. The first hypothesis, known as the "energetic hypothesis" (3) , proposes that chain length is limited by the inefficiency with ·which energy is transmitted by predation and by the minimal energy requirements of predators. Limited available energy may make it impossible to support enough individuals to maintain a population, may make it impossible for individuals to find enough prey to survive, or may constrain chain length through other mechanisms. In its simple form, this hypothesis predicts that chains should be longer in ecosystems with higher primary productivity. It has been tested experimentally (4) and rejected for small artificial ecosystems, and it remains to be tested further experimentally. From a review of nine studies ranging from energetically impoverished to highly productive environments, Pimm (5) concluded that there was no evidence for food chains being longer in more productive habitats.
The second hypothesis, known as the dynamical stability hypothesis ( 6) , is based on the finding in specific mathematical models of ecosystems that the longer the chains, the more severe the restrictions that must be imposed on the coefficients of the models for equilibrium to be feasible or stable. Further, in certain models, ecosystems with longer chains take longer to return to equilibrium once perturbed, so that webs with loriger chains may be less likely to persist in nature. This hypothesis predicts that chains should be longer in ecosystems exempt from large perturbations. To our knowledge, there is no reported evidence for or against this hypothesis.
The empirical generalization (7), based on 34 webs, proposes that chains tend to be longer in three-dimensional than in twodimensional environments. An environment is classified as having dimension 2 if it is essentially flat, like a grassland, the tundra, a sea or lake bottom, a stream bed, or the rocky intertidal wne. An environment is classified as having dimension 3 if it is solid, like the pelagic water column or a forest canopy. Webs from habitats integrating both flat and solid environments are considered as having "mixed" dimension.
To evaluate the relative influence on chain length of the primary productivity, the variability, and the dimensionality of the environment, we studied a collection of 113 webs, culled from 89 published and 2 unpublished studies, to cover as wide a diversity of natural environments as possible. Most of the world biomes are represented. There are 55 continental (23 terrestrial and 32 aquatic), 45 coastal, and 13 oceanic webs, ranging from arctic to antarctic regions.
Only webs partially defined, presented too sketchily, or based on information explicitly drawn from different locations were excluded from this collection. The webs were not screened by rejection of outliers or by any other statistical procedure based on the data. Only obvious biological errors were amended in editing the data. Although all webs were treated consistently in this collection, the practices of field ecologists in observing and reporting webs are not standardized. As the apparent characteristics of an individual web may reflect the idiosyncrasies of its observer, it is appropriate with these data to attend to broad trends and major differences among distributions.
The 113 webs studied are listed in Table 1 together with their sources and the following characteristics: mean chain length, maximal chain length, number of species, number of links, productivity, variability, dimensionality, and geographic origin. The details of 40 of these webs are fully documented ( 1, 8) ; the frequency distributions of chain length of all 113 webs have been reported (9) . This large collection allows comparisons to be made that are more sensitive than before to small differences in mean chain length.
The productivity of a web is classified as low if the net primary productivity of its ecosystem falls below 100 g of carbon per square meter per year and high if it exceeds 1000 g of carbon per square meter per year. Of 113 webs, 22 were classified as having I I  II  II  II  II  II  II  II  I I  I I  I I   -T-1 I  I I _.t._  I  I I  I I  I I  I  I I  I I  I I  I  I I  1-1  I I  I  I I  I I  I I   X   I I  II  II  1-1  I I  1-1  II  II  II  I I  I I  I I  I I  I I  II  I I  II  II   r   I I  I I  I  I I  I I  I  I I  I I  I  I I  I I  I  I I  I I  I   -T are here considered as having mixed dimension. Some subjective judgments are involved in classifying webs as fluctuating or constant and as two-dimensional or three-dimensional. For the first 40 webs in the series (1, 8), the facts supporting these judgments are already documented.
All calculations were performed for both mean and maximal chain lengths. Maximal chain lengths varied in parallel with mean chain lengths throughout. We present the mean (within-web) chain lengths descriptively using box plots (10, 11). We attempt no formal statistical tests of differences between distributions because it is doubtful that the webs in our collection form a random sample from a well-defined universe ofwebs (9) . Figure 1 shows that the disttibutions of mean chain lengths are similar, with virtually identical medians, in webs differing markedly in productivity. Conttary to the energetic hypothesis, high-energy systems do not support longer chains, on average or maximally, than energetically impoverished environments. The possibility remains that energy influences chain length but that highly productive systems atttact a greater fraction of energetically less efficient consumers, which prevent the assembly oflonger food chains. Lacking detailed data on the energetic efficiency of the web species, we cannot exclude this possibility (12).
The distributions of mean chain lengths are relatively distinct in fluctuating compared to constant webs and quite distinct in webs having dimension 2 compared to those having dimension 3. The upper quartile of mean (within-web) chain length for the 40 webs of dimension 2 is 2.6 links, which falls below the lower quartile (2. 7 links) of mean chain length for the 28 webs of dimension 3 (13).
It would be hasty to conclude that variability and dimensionality independently influence chain length. Of the two-dimensional webs, 27 are fluctuating and 2 are constant; of the three-dimensional webs, 13 are fluctuating and 7 are constant. Thus the proportion of constant webs is more than five times as high among three-dimensional webs as among two-dimensional webs. No such risk of confounding affects the interpretation of the effect of productivity in Fig.  1 , since webs from environments with low or high productivity include comparable fractions of fluctuating and constant, and two-dimensional and three-dimensional, habitats (13).
To assess the relative influence of environmental dimension and variability on chain lengths, we compared the disttibutions among webs of mean (within-web) chain 958 lengths in fluctuating and constant webs having comparable, mixed dimension ( Fig.  2A ) and in two-and three-dimensional webs of comparable variability in constant, fluctuating, or intermediate habitats (the last comparison being shown in Fig. 2B ).
If environmental variability alone markedly affects the length of chains, then the disttibutions in Fig. 2A should be distinct. That is not the case: given a mixed dimension, constant environments do not support markedly longer chains than fluctuating environments, conttary to the dynamic stability hypothesis.
If environmental dimension alone markedly affects chain length, then the distributions for webs with intermediate variability in Fig. 2B should be distinct. That is clearly the case. Further, in fluctuating habitats, the 27 webs with dimension 2 have a median 2.3 mean chain length, less than the median 2.8 mean chain length of the 13 webs with dimension 3. In constant habitats, the two webs with dimension 2 have a median 2.3 mean chain length, less than the median 4.0 mean chain length of the seven webs with dimension 3. Although there are too few webs in constant two-or three-dimensional habitats to justify any firm conclusion, the differences are consistent in the three comparisons: controlling for variability, webs in two-dimensional habitats have shorter mean chain lengths than those in three-dimensional habitats.
We conclude from our data that the dimensionality of the environment influences mean or maximal chain length more than environmental variability. Dimensionality is a major determinant of chain length in natural communities. Why this is so remains to be explained, although it is evident that environmental dimension may affect the Table 1 . Characteristics and sources of 113 webs. Serial numbers are the same as in Briand (7, 8) and in all previous joint publications of Briand Synthesis of all zein polypeptides in the endosperm is coordinately regulated, beginning at 12 days after pollination (DAP) and peaking at about 22 to 25 DAP. Zein proteins are sequestered in protein bodies derived from the endoplasmic reticulum, and translation of zein messenger RNA (mRNA) is accomplished by polysomes located directly on the surface of these protein bodies (2) . At seed maturity zeins may represent 60% or more of the total protein Several mutations that decrease the amount of zein in the seed have been described (1). In contrast to wild-type kernels that have hard, translucent endosperms, mutant kernels have endosperms that are soft and opaque. One of these mutations, opaque-2 (o2), can result in a 50 to 70% reduction in zein content (3) . In some inbred strains-for example, Oh43, W22, or W64A-the 22-kD class of zeins is affected substantially more than the 19-kD class. In plants homozygous for o2, this selective decrease cannot be attributed to defects in synthesis, transport, or protein processing but is rather the result of a deficiency in the zein mRNA's for the 22-kD subgroup (4) .
Genetic linkage analysis has placed the o2 locus on the short arm of chromosome 7, whereas several of the genes for the 22-kD zeins have been mapped to chromosomes 4 and I 0 ( 1). Although a few zein structural genes have been mapped to the same chromosome arm as o2, they are not the ones affected by o2 mutations. These results suggest that the 02 gene is a trans-acting regulator of zein expression. At the molecular level, the nature and complexity of the role that 02 plays in zein expression can be addressed only after the gene is cloned.
Since the product of the 02 gene has not been identified and is not likely to be abundant, transposon tagging appears to be the best approach to clone this regulatory locus. Two mutable alleles of o2 have been described by Salamini and his colleagues (5): one contains aDs element (nonautonomous Ac), and the other a novel, nonautonomous transposon that they named Berganw (Bg). Unfortunately, neither transposon has thus far proved useful as a molecular tag; molecular probes for the Bg element do not exist, and molecular analysis of Ds insertions is complicated because DNA sequences of Ds elements can be very dissimilar from each other as well as from Ac ( 6, 7) . Therefore, we attempted to introduce a different transposable element into the 02 gene (Fig. lA) , Biology Department, Brookhaven National Laboratory, Upton, NY 11973.
